We propose a monolithic external-cavity vertical-cavity surface emitting laser (VCSEL) for achieving ultra-high speed direct modulation beyond the limit of a relaxation oscillation frequency. We present the modeling of small-signal and large signal modulation characteristics of VCSELs with optical feedback. It is predicted that a 3 dB-modulation bandwidth can be increased by 50% with optimizing an external cavity length. Also, better eye opening can be expected in 40 Gbps direct modulation. Keywords: semiconductor laser, direct modulation, optical communication, external-cavity laser, surface emitting laser Classification: Photonics devices
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Introduction
Along with rapid increase in network traffics, high speed optical LANs and interconnects are becoming important. For this purpose, a high speed semiconductor laser beyond 10 Gbps will be one of key devices. We have spent much effort for realizing high-speed vertical cavity surface emitting lasers (VCSELs) which are current major light sources in optical LANs. VCSELs are expected to give us low threshold current operation and high-speed direct modulation [1] . The highest small-signal modulation bandwidth reported so far is 21.5 GHz [2] and the direct modulation of 20 Gbps was also demonstrated. However, it is unclear how to go beyond the limit of a relaxation oscillation frequency. The use of an optical external feedback has been studied for increasing the modulation bandwidth [3, 4] . Also, the extension of modulation bandwidth in an external cavity DBR laser beyond a relaxation frequency limit has been predicted [5] .
In this paper, we propose a monolithic external-cavity VCSEL with keeping a single longitudinal mode operation. We present the rate equation analysis of directly modulated VCSELs with an optical feedback. Both small-signal and large signal modulation characteristics are examined. The result shows a possibility of 50% increase in the modulation bandwidth with help of an optical feedback effect.
Modeling of external cavity VCSEL
We propose a monolithic external cavity VCSEL structure as shown in Fig. 1 (a) . In this structure, the backside of a substrate can be used for external optical feedback. A multilayer-coated concave mirror can be formed on the backside surface of a substrate. When the thickness of a substrate is 300 µm, which is corresponding to a 1 mm long external cavity in vacuum. Part of the optical output from the VCSEL is injected to the laser cavity after one round trip of the external-cavity. We examined the single mode condition of the VCSEL with an external cavity by using Lang-Kobayashi rate equations [6] . The single-mode condition of external cavity lasers is determined by an external mirror reflectivity and cavity length. When an external cavity is longer and the reflectivity of an external mirror is higher, the region supporting only multi-mode operation is wider as shown in Fig. 1 (b) . If we look at the single longitudinal mode condition around 300 µm external cavity length, the condition of longitudinal modes is categorized in three regions as shown in Fig. 1 (c) . The phase of external feedback light is an important parameter for modulation characteristics as described later. Both out-of-phase and in-phase coupling of optical feedback are included with keeping single- longitudinal operation in the region I and region II, respectively, which is dependent on the precise position of an external mirror. On the other hand, only multi-mode operations are obtained in the region III, which is the case in ref. [5] and mode-locked lasers. We are not able to obtain the out-of-phase coupling of optical feedback in this regime.
Simulation of modulation characteristics
We calculated the small-signal modulation response. In the calculation, we neglected the effect of the frequency chirp of a VCSEL and assumed that the VCSEL oscillates in a single longitudinal mode. We included a nonlinear gain expressed by a nonlinear gain term 1/(1 + εS with photon density S. We assumed a front mirror reflectivity of 99.5% and a VCSEL cavity length of 300 µm in the modeling. We found that the small-signal modulation response strongly depends on the external-cavity length and the phase difference of external optical feedback. The modulation bandwidth can be enhanced only for the out-of-phase coupling in the regime I. An optimal external cavity length depends on the modulation bandwidth of a VCSEL without externalfeedback. A cavity length of around 300 µm is optimal for the enhancement beyond 20 GHz. It is interesting to note that our scheme is different from the case discussed in refs. [3, 4, 5] . In our scheme, a single longitudinal mode is maintained and frequency chirp is not a key effect. The small-signal modulation response with an external cavity length of about 300 µm and an external mirror reflectivity of 0.2 is shown in Fig. 2 (a) . The calculated 3 dB modulation bandwidth could be increased from 20 GHz to 32 GHz with out-of-phase coupling of external light. On contrary, the modulation bandwidth is suppressed with in-phase coupling of external feedback. That is attributed to an, effective loss modulation induced by optical feedback which is a different phenomenon from the previous reports [3, 4] . While the frequency chirp plays an important role in refs. [3, 4] , we found that the modulation bandwidth is enhanced without frequency chirp. The perturbation of an effective reflectivity induced with time-delay of optical feedback is important in our scheme. The details will be described elsewhere. We can see a possibility that the modulation bandwidth of external cavity VCSELs can be enhanced with keeping single longitudinal mode operations. Fig. 2 (b) shows the calculated 3 dB-modulation bandwidth versus the relaxation frequency for different nonlinear gain parameters. The modulation bandwidth can be enhanced by 50% even for high relaxation frequencies and we are able to go beyond the limit of a damping effect as shown in Fig. 2 (b) . If the relaxation oscillation frequency is 20 GHz without optical feedback, the modulation bandwidth can be enhanced to be reach at 40 GHz. Furthermore, we carried out the simulation of NRZ quasi-random large signal modulation. In this modeling, we included the effect of frequency chirping. The details will be described elsewhere. The bit rate is 40 Gbps. We show the calculated results of eye patterns of directly modulated VCSELs with and without optical feedback in Figs. 3 (a) and (b) , respectively. The extinction ratio is 10 dB. Pattern-effect can be avoided in the case of with optical feedback. Clear eye opening can be expected with a help of optical feedback.
Conclusion
We proposed an external cavity single-mode VCSEL with an enhanced modulation bandwidth. The modulation bandwidth can be enhanced by 50% with the help of external optical feedback. The proposed structure enables us to obtain single-longitudinal mode operations, which is different from the previous work on optically enhanced modulation speed. If we able to form a monolithic external mirror on a back-side substrate, we expect compact and ultrahigh speed VCSELs to go beyond the modulation limit of existing high speed semiconductor lasers.
